AD-A0%% 97

AVRADCOM -
Report No. TR 80-F-12 AD-A 03¢ Ob

MANUFACTURING METHODS AND TECHNOLOGY ";“ECHNICA [ |

(MANTECH) PROGRAM
LIBRARY. \

ISOTHERMAL ROLL FORGING OF 155 COMPRESSOR BLADES - PHASE Il

Fred K. Rose and Arthur G. Metcalfe
Solar Turbines International an

Operating Group of International Harvester
P.0. Box 80966, San Diego, CA 92138

June 1980 FINAL REPORT

Contract No. DAAG46-76-C-0043

(D10 QUALITY INePROTR g

Approved for public release; ‘
distribution unlimited ‘

Prepared by
ARMY MATERIALS AND MECHANICS RESEARCH CENTER

Sponsored by
U.S. ARMY AVIATION RESEARCH AMD DEVELOPMENT COMMAND



The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.

Mention of any trade names or manufacturers in this report
shall not be construed as advertising nor as an official
indorsement or approval of such products or companies by
the United States Government.

DISPOSITION INSTRUCTIONS

Destroy this report when it is no longer needed.
Do not return it to the originator.



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO.

AVRADCOM Report No. 80-F-12

3. RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitfe)

Isothermal Roll Forging of T55 Compressor Blades -
Phase II

S. TYPE OF REPORT & PERIOO COVEREO

Final Report

6. PERFORMING ORG. REPORT NUMBER
SR80-R-4392-43

7. AUTHOR(s)

Fred K. Rose
Arthur G. Metcalfe

8. CONTRACT OR GRANT NUMBER(s)

DAAG46~-76-C-0043

9. PERFORMING ORGANIZATION NAME ANO ADDRESS

Solar Turbines International
an Operating Group of International Harvester

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

D/A Proj: PRONE J8ER-005-01-EJ]
AMCMS Code No. 1497-99-1K-S-

P.0O. Box 80966, San Diego, CA 92138 7036 (xX08)
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT OATE

U.S. Army Aviation R&D Command June 1980

ATTN: DRSAV~EGT 13. NUMBER OF PAGES
L PO Box 209, St. Louis, MO 63166 101

14, MONITORING AGENCY NAME & AODRESS(if different from Controlling Oflice) 15. SECURITY CL ASS. (of this report)

Army Materials and Mechanics Research Center

Watertown, Massachusetts 02172 Unclassified

1Sa. DECLASSIFICATION/ OOWNGRAOING

SCHEOULE

N/A

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public research

17.

OISTRIBUTION STATEMENT (of the ebstrect entered in Block 20, if dlfferent from Report)

18. SUPPLEMENTARY NOTES

Monitoring Agency No. AMMRC TR 80-32

19. KEY WORDS (Continue on reverse side if necessery and identily by bfock number)

Isothermal Roll Forging
Stainless Steel
Compressor Blades
Titanium Alloys
Forging

20. ABSTRACT (Continue on reverse aside {{ necessary end identily by block number)
The objective of Phase II of this manufacturing te

produce the 2nd stage blade of the Avco''T-55 engin
using the isothermal roll forge process.

controlled process.
requirements of Avco specifications.

Blades were produced in AM-350
alloy using two roll-forge passes of the energy efficient, microprocessor
The blades met the fatigue, tensile and metallurgical

chnology program was to
e for static evaluation

Ay

FORM
JAN 73

DD , 1473

EDITION OF 1 NOV 65 1S OBSOLETE
UNC

LASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)



SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)



FOREWORD

This interim report on Phase II of Contract DAAG-46-76-C-0043 on "Isothermal
Roll Forging of T55 Compressor Blades," covers work performed by Solar Tur-
bines International from February 1978 to January 1980. Support under sub-
contract was provided by the Lycoming Division of Avco Corporation.

Phase I of this contract presented data in Interim AVRADCOM Report No. 77-11
to substantiate feasibility of the isothermal roll forging process. Phase II
work produced second stage blades of the Lycoming T55 engine in AM-350 alloy.
These blanks, produced by an automated forging process employing micro-
processor control, met the tensile, fatigue and metallurgical properties as
specified for the conventionally produced production blades. Lycoming indi-
cated the blades met drawing requirements apart from a tendency to be 0.005
to 0.010 inch overgage near the root.

The controlling office for this project was the U.S. Army Aviation R&D Command
with monitoring by the Army Materials and Mechanics Research Center (AMMRC).
The Aviation R&D Command liaison engineer was Mr. G. Gorline. The technical
supervision of this work was under Mr. Roger Gagne of AMMRC.

This project has been conducted as part of the U.S. Army Manufacturing Methods
and Technology Program, which has as its objective, the timely establishment
of manufacturing processes, techniques, or equipment to ensure the efficient
production of current and future defense programs.

This program was conducted in the Advanced Manufacturing Technology Laboratory
of the Solar Research Iaboratories, with Dr. A.G. Metcalfe, Associate Director
of Research as Technical Director. The Principal Investigator on this program
was Mr. Fred K. Rose, Research Staff Engineer.
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INTRODUCTION

This Phase II Report presents work accomplished in the second phase of a
three-phase program to apply isothermal roll forging to the manufacture of
compressor blades. The Avco Lycoming T55 engine compressor blade has been
selected for this manufacturing demonstration with Avco Lycoming providing
engineering support under subcontract. The tooling and blade forging work
reported was performed in the period February 1978 through August 1979, with
blade evaluation work completed by Avco Lycoming in January 1980.

The first phase of the program was a demonstration of feasibility, and was
described in AVRADCOM Report No. 77-11. Feasibility was defined as produc-~
tion of blades within 0.010 inch of the drawing envelope. This was achieved
with typical standard deviations of the maximum airfoil thickness of less
than 0.005 inch, although not all of the average dimensions fell on the
nominal thickness. Preliminary cost data were presented and showed a reduc-
tion in the number of operations from 36 for present cold rolling to 11
(prior to the common finishing operations). Residual high cost areas in the
isothermal roll-forging processes were identified as the multiple set-ups in
the isothermal rolling mill and the individual hand machining of blanks.

The primary objective for the second phase of this program was to advance the
process by production of blades within drawing tolerances by use of hard
tooling. Secondary objectives were to reduce costs by a method to produce
blanks economically and by consolidation of the multiple set-ups into a single
processing step. Production from bar to blade {(untwisted) in a single opera-
tion was felt to offer the built-in economics that would minimize costs. At
the same time, it was necessary that the blades produced meet other drawing
requirements. The Lycoming Division of Avco Lycoming undertook a preliminary
evaluation including beehive fatigue tests to evaluate these requirements.
The work described in this report covers the scope outlined above.

To meet the much tighter requirement on dimensions, work was performed in a
100,000 pound machine of different design from that used in Phase I. It pro-
vided much greater stiffness and stability. Modification to permit manufac-
ture in a single step was undertaken. A microprocessor was added to control
numerous parameters 1in the sequence required for the metal flow variations
needed at each point along the length. These major changes delayed the start
of roll-forging so that only one iteration was possible in the parameters
instead of the multiple iterations planned. However, evaluation of these
blades at Avco Lycoming indicated that the blades met drawing requirements
apart from a tendency to be above gauge near the root. Based on this result,
Avco has recommended that a sufficient quantity of blades be made available
to allow for future engine tests.



2

FABRICATION OF COMPRESSOR BLADES

Current methods used to fabricate compressor blades are reviewed to provide a
background for the introduction of the isothermal roll forging process. The
review is designed to help identify the principal sources of cost so that the
work can be planned to realize maximum cost savings. Major emphasis is placed
on the potential cost savings because the large number of compressor blades
required per engine makes these components a major contributor to jet engine
costs.

2.1 CURRENT METHODS OF FABRICATION

The principal methods for fabrication of compressor blades are:

. Machining from solid
. Casting

. Hot die forging

. Cold roll forging.

Machining from solid stock is often used for small quantities of blades, but
has had to be adopted to an increasing extent in recent years for production
of blades in the more heavily alloyed materials. The latter include AM-350
steel and Inconel 718 that are difficult to forge to high performance blades.
However, not only is machining expensive but is needlessly wasteful of both
strategic materials and energy. Both of the latter experienced step-function
types of cost increases fall in the year or two following the Energy Crisis
of late 1973.

Casting may be more economical in material consumption and has been used to
produce compressor blades but the individually cast blades do not offer an
economic advantage for high performance engines.

Hot forging cannot form the precision shapes required for high performance
engines and must always be followed by a certain amount of machining on all
surfaces. Although the amount of metal to be removed is very much less than
in machining from solid, the operations are expensive because they are pre-
cision rather than roughing cuts, and involve much hand labor to blend the
machining cuts together. It is noteworthy that of the three critical problems
identified by Avco in inspection of blades, viz.,



. Transverse grooving
. Root radii control
" Transition at root

two problems (transverse grooving and transition at root) are the result of
hand operations in the manufacture of the blades.

The cold roll forging process is the most widely used method for production
of steel and low alloy blades. It provides high quality, precision surfaces
over much of the airfoil. Its major disadvantage is the large number of
operations required. The number of roll forging passes increases rapidly
with increasing alloy content. Up to 11 roll forging passes may be used,
followed in each case by lubricant removal, annealing and relubrication.
The number of roll forging passes is dependent on the rate of work hardening,
thickness of leading edge (LE) and trailing edge (TE) and other factors, but
will always be high. In addition, many other operations are required between
passes including trimming and inspection, plus additional operations for
root upsetting, twisting and broaching. Hand finishing to remove flash and
blending of airfoil to platform are also significant contributors to cost
both by increasing the in-process inspection and by reducing the yield of
acceptable blades. Some of the principal operations in blade manufacture by
this method are shown in Figure 1 for a cold-rolled compressor blade in
17-4PH steel used in a Solar turbine. In the case of the M-350 alloy, an
additional requirement is that the metal temperature be kept at 350°F or
above to prevent austenite to martensite transformation.

2.2 THE ISOTHERMAL ROLL FORGING METHOD

The isothermal rolling and roll forging methods are based on use of refrac-
tory metal rolls or dies. The latter are heated together with the workpiece
by a flow of controlled electric current. The control may be provided by
feedback from a temperature sensor, although the process is inherently stable
because there is a certain degree of self control. The latter arises because
the size of the footprint between roll or die and workpiece seeks a constant
value. When operating under constant current conditions, any change of gage
causes a corresponding change in current density (temperature) and roll pres-
sure that tend to maintain constant gage.

An important finding early in the development of the isothermal processes was
that force feed could be used to prevent roll slippage at large reductions,
and that this would increase the lateral spreading of the metal. One of the
earliest applications of this concept was important to the present program.
Round barstock of materials, such as 17-4PH steel, Ti6Al4V alloy and Rene' 95
superalloy were rolled from 0.375 inch diameter to an airfoil with 1.3 inch
chord in a single pass. Figure 2 shows this operation in progress. The
force feed is 6000 pounds with approximately 200 pounds of tension to maintain
straightness.



Figure 1. Some Stages in C5ld Roll~Forging >f Compressor Blades in
17~4PH Steel (#76-2679)

Figure 2. Single Pass Isothermal Rolling of 0.375 Inch Bar to a Contoured
Airfoil With 1.3 Irch Chord. (Note bar emerging from force
feeder guids on richt.! (76-0351)



Important features of the airfoil rolling process were that excellent surface
finishes were obtained (typically 16-32 rms) and that the contour was pre-
served up to the flash. Figure 3 shows a section of an airfoil to confirm
the thin flash that can be produced from 0.375 inch diameter bar in one pass.
Very thin LE and TE contours can be produced for the higher performance com-
pressors required in advanced gas turbine engines.

Figure 4 shows schematically one approach to the application of the isothermal
roll forging technology to ccmpressor blade manufacture.

A. Leading Edge '"As-Rolled" B. '""As-Rolled'" Airfoil
0.0024 Inch Flash Magnification: 3.5X
Magnification: 75X

C. After Sweco Finishing D. "As-l.Rol.led'.' Surface
Magnification: 3.5X Magnification: 500X

Figure 3. Isothermal Rolled Ti6Al4V Bar (single pass) (#74-2000)
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Figure 4. Isothermal Roll-Forging From 0.375 Inch Ti6Al4V to
Simulated Mid-Span Shrouded Blade in One Pass

2.3 COST FACTORS

Preliminary analyses were made prior to the start of this program to identify
the sources of cost savings and to make preliminary estimates of potential

costs.

The major sources of cost savings
1. Reduction in the number
2. Reduction in the amount

3. Reduction in the number

were identified as:
of operations
of hand work required

of inspection steps as a result of #1 and #2

4. Reduction in scrap as a result of #1 and #2
5. Improvement in metal recovery
6. Reduction in energy consumed.

2.3.1 Reduction in Number of Operations

It is generally accepted have shown that manufacture of a net shape in a

single pass leads to economy of
reduction include:

operation. Some of the sources of cost



1. Elimination of inter-operation handling
2. Elimination of inter-operation inspection

3. Reduction in clean-up required after each operation including:
flash removal; lubricant removal; descaling; etc.

4. Reduction in preparation for subsequent operation including: stress
relief annealing and/or heat treatment; lubricant application; etc.

5. Manufacture and maintenance of multiple tool sets
6. Mulitple tool set-ups and proofing

7. Increased scrap due to stack-up of tolerances from successive
operations.

2.3.2 Reduction in the Amount of Hand Work

As pointed out earlier, the large reductions required to achieve the thin
LE's and TE's needed in compressor blades are difficult to achieve in a cold
rolling process. Stone® gives the minimum gage, tpj,r achievable with
steel rolls of diameter D and elastic modulus E when rolling a material with
a constrained yield stress S,r as

DSo

E

where p is the coefficient of friction, This limiting gage 1is increased
by work hardening (increased So) because this raises the roll pressure and
hence the elastic roll flattering. For example, if S, = 100,000 psi after
work hardening, u = 0.07, D = 12 inch, then tp;, = 0.010 inch.

A blade wih a TE thicknes of 0.010 inch would not thin below this amount.
Elastic flattening of the roll (die) would decrease away from the TE leading
to a condition as depicted in Figure 5. Gradual departure from the tolerance
band (dashed) would occur until the nominal size was met back from the TE.
Hand finishing to restore the tolerances to the band will be required after
trimming of flash (assumed to ke 0.010 inch in this example). Hand finishing
to this extent is an expensive operation.

The isothermal roll forging operation can generate flash of 0.002 inch thick-
ness. Now the amount of hand finishing is greatly reduced with fewer prob-
lems in holding contours. In addition, as shown in Figure 3, preliminary
work indicates that automatic edge finishing operations may be possible with
major reduction in labor and reduced scrap caused by lapses on the part of
the operator.

*Trans. AME, Jour. of Basic Eng., December 1959, pp. 681-686)



A. Operations in Cold Rolling

(1) Roll to within tolerance
band leaving a 10-mil flash.

(2) Trim flash.

(3) Hand finish to outside 1imit
of tolerance band by belt.

P

B. Operations in lsothermal Roll
Forging

(1) Roll to outside of band
leaving a 2-mil flash.

(2) Trim flash.

(3) Barrel finish to move airfoil
within band and finish edge.
Shaded area shows metal
removed.

TRIH

Figure 5. Comparison of Airfoil Edge Finishing Operations

There is another major advantage in elimination of hand operations. General
Richard E. Merkling, Director of Aerospace Safety for the U.S. Air Force in a
keynote address at the Third 2Annual Propulsion Materials Roadmap Review in
Dayton, June 6, 1977, noted that undercuts from hand working TF34 fan blades
had been responsible for at least one fatal crash. Engines and engine
materials were the largest single cause of serious accidents. Figure 6, from
his talk, shows that compressor blades and fan blades are a major source of
accidents. Reduction of hand work may reduce costs and, at the same time,
increase reliability.

2.3.3 Reduction in Number of Inspection Steps

As pointed out earlier, a major advantage of reducing the number of operations
is that the attendant inspections are decreased. Inspection always presents
a problem. With too little inspection, discrepant products may be carried
forward to an excessive degree; whereas with too much inspection, the costs
of the work becomes excessive and parts remain for longer periods in the shop.

On the other hand, bench-type inspection methods, such as guillotine gages
and radii measurement tools may be indispensible to the efficient conduct of
hand finishing work.



ENGINE MATERIEL PROBLEMS

e COMBUSTION CASES
COMPRESSOR BLADES/VANES
FAN BLADES

MAIN BEARINGS

ROTATING PARTS LCF
e SPACERS
e HEATSHIELDS
* DISKS

e TURBINE BLADES/VANES
e QUALITY CONTROL

Figure 6. Principal Causes of Engine-Sources of Aircraft Accidents
(see text for reference)

2.3.4 Reduction in Scrap

Low scrap production is achieved by tight control. of each operation so that
the individual probabilities are reduced. But, low scrap production can also
result from reduction in the number of operations. It is expected that this
result will be experienced with isothermal roll forging where the number of
operations can be significantly reduced comparsd with competing methods.

2.3.5 Improvement in Metal Recovery

In a typical case, the cold rolled compressor blade shown in Figure 1 weighs
177 grams before broaching and is produced from -he 367 gram blank shown in
the first position. This is a metal recovery rate of 48 percent at this
stage. Much lower metal recoveries are found ir hot forged blades. Some
improvement in metal recovery is expected in the isothermal roll forge process
over existing methods.

2.3.6 Reduction in Energy Consumed

The energy requirement for producing a blade by the isothermal roll forge
process is surprisingly low. At today's price of 74/kW hr the electrical
energy consumed to produce a T55 2nd stage blade -s approximately 34¢, i.e.,
about 2 percent of the estimated blade selling price. A roll forging pass
consumes approximately 2.05 kW hr and the hot ccining operation 0.8 kW hr.

The operations employing preheat ovens and interpass annealing furnaces which
are required for conveantional cold roll forging are unnecessary with iso-

thermal roll forging.

10



3

WORK ACCOMPLISHED

The purpose of this program is to establish isothermal roll forging as a low-
cost manufacturing method for compressor blades. Two phases have been com-
pleted. Phase I* demonstrated the feasibility of producing compressor blades
for axial flow turbine engines in precipitation hardening stainless steel
(AM-350) and in titanium alloy (Ti6Al4V). The objective of Phase II is to
establish a manufaéturing process for the second stage compressor blade of
the Lycoming T55-L-11A engine based on the methods and procedures demon-
strated in Phase I. The original plan identified nine tasks that needed to

be completed to establish a viable manufacturing process. The nine tasks are:
Task 1 - Blade and Tool Material
Task 2 - Fabrication of Blade Preforms
Task 3 - Rough Roll-Forging
Task 4 - Intermediate Operations
Task 5 - Final Roll Forging
Task 6 - Evaluation of Forged Blades
Task 7 - Final Operations
Task 8 - Evaluation of Finished Blades
Task 9 - Process Specifications

The report presents the procedures employed and the results obtained in
Phase II based on the above format.

3.1 TASK 1 - MATERIALS

This task involves the selection, procurement and characterization of the
blade forging stock and forge die materials.

* Rose, F.K., Metcalfe, A.G., "Isothermal Roll Forging of T55 Compressor
Blades, AVRADCOM Report No. 77-11, December 1977.

11



3.1.1 Blade Forging Stock

At the start of the program it was hoped that enough residual AM-350 material
would be available from Utica Division to enable direct comparisons with con-
ventionally manufactured blades made from the same heat. This course was
followed in Phase I, but unfortunately, sufficient material from this heat
was not available for the subsequent work.

The AM-350 material was purchased for Phase II from Universal Cyclops Spe-
cialty Steel Division. (Universal Cyclops was the supplier for Phase I
material obtained from Utica Division.) The material was ordered in the
form of 0.250 x 0.500 inch rectangular bar in 12-foot random lengths in the
hot rolled solution treated and pickled condition (Condition H). This heat
treat condition would provide maximum formability for cold roll forming of
the preform. In this condition the material has a yield strength of approxi-
mately 60,000 psi with a minimum elongation in 2 inches of 38 percent and a
hardness of Rc20. However, the material was delivered in the equalized,
overtempered and pickled condition, in which condition the yield strength
and hardness were determined by Solar to be 175,000 psi and Rc42. A minimum
strength level of approximately 160,000 psi was established in Phase I to
avoid preform buckling during root injection, and it was planned to heat
treat the Condition H to this level after cold roll forming. As discussed
below in Section 3.2, it was necessary to anneal this material to enable
cold roll forming of the blade preforms.

The vendor material certification report for the Phase II material is shown
in Figure 7. The chemical composition, heat treated tensile properties
and hardness all meet AMS5745A as required.

The microstructure of the as-received AM-350 feedstock is shown in Figure 8.
The material has fine grains which are elongated in the rolling direction.
The structure consists of dark etching islands of delta ferrite, containing
finely precipitated austenite, in a lighter etching matrix of martensite.
Carbide precipitation at the grain boundaries does not appear excessive.
Figure 9 shows the microstructure of the same heat of material (8C3744R2)
after the standard hardening heat treatment of:

Harden 1710 + 25°F (30 min), air cool,

+ subzero cool -100°F for 3 hours,

+ temper 1000 + 10°F for 3 hours.
The heat treated microstructure appears normal, i.e, the light etching delta
ferrite islands are in low concentration and the carbides are well dispersed
throughout the martensite matrix.
The mechanical properties were evaluated by measuring the room temperature

tensile properties in several heat treat conditions. These data are reported
below in Section 3.2.
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Figure 8. Orthogonal Sections Showing Microstruacture of As-Received AM-350
Feedstock. Mill Heat Treatment: Egualized and Overtempered.
Etchant: Marble's (10 sec). Magnification: 500X
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Figure 9. Orthogonal Sections Showing Microstructure of AM-350 Feedstock.
After Heat Treatment: 1710°F + 32°C + 1000°F
Etchant: Marble's (10 sec). Magnification: 500X
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A layer of delta ferrite 0.003 inch thick was found on one face of the AM-350
feedstock, and appears as the white phase in the as-received feedstock shown
in Figure 10A. The presence of the delta ferrite layer was not considered
cause for rejection because all traces were caused to disappear by 20 percent
or more deformation imparted by an isothermal roll forge pass as shown in
Figure 10. This was verified in the subsequent blade forging work.

3.1.2 Forge Die Materials

The selection of die material involved a detailed analysis of the metallurgy
of molybdenum alloys. The alloys TZM and MT-104, in the forged condition, have
been found to be the best commercially available die materials for isothermal
roll forging. With dies of these alloys, roll forging can be performed on
materials as diverse as Rene' 95 (200,000 psi at 1200°F) or HS188 (21,000 psi
at 2000°F). However, the "window" for safe operation could be widened if a
stronger die material were available. the most important properties of a die
material for isothermal roll forging are:

1. High yield strength at high and intermediate temperature.
2. Formation of conductive glaze in the presence of graphite lubricants.

3. Electrical and thermal properties similar to TZM.

4. Ductility at room temperature to withstand thermal stresses on
cool-down and operating stresses.

Early work in molybdenum alloy development showed that solid solution strength-
ening was not as effective as dispersion phase hardening in strengthening the
metal. As dispersion phase hardening is largely independent of composition,
high strength can be achieved only by improved thermal mechanical processing.
Hence, any new alloy will have the same limitations as T2ZM, that is the
difficulty of getting sufficient warm or cold work into the structure so that
finer dispersions and higher strength can be realized. This claim is
illustrated by work of Klopp, et al* where the strength of Mo-0.5Hf-0.3C alloy
ranged from 160,000 psi to 70,000 psi depending whether the alloy was worked
at 2500°F or 2800°F. The problem of improved die material availability is
not that new compositions are needed but that improved methods are required
to put more warm work into alloys of the same or similar compositions. With
the exception of not having high strength at intermediate temperatures, the
alloys TZM and MT-104 have been shown to possess the properties needed for
die materials. Extensive alloy development probably would yield an improved
alloy. However, we believe existing alloys when properly worked will meet
the requirements for the present blade forging program. We reviewed our
requirements with three producers and placed an order with GTE Sylvania
because of their willingness to do special thermal mechanical processing of
MT-104 alloy to achieve maximum strength at our use temperature.

* Klopp, W.D., Raffo, P.L., and Witzke, W.R., "Strengthening of Molybdenum
and Tungsten Alloys With HfC, J. Metals, Vol 23 , No. 6, June 1971,
pp 27-38.
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The microstructure of a representative sample of MT-104 molybdenum alloy die
facing material is shown in Figure 11. The sample was taken from 0.63 in.
by 2.25 in. wide bar after isothermal roll bending at 2300°F. The micro-
structure appears normal for cross-rolled plate, and there is no evidence of
recrystallization due to the hot bending operation. The structure consists
of grains of normal size with considerable retention of warm work. The grains
are flattened in the short transverse direction with elongation in both the
long transverse and longitudinal directions. The principal rolling direction
was longitudinal.

Room temperature hardness of the die facings was measured in the as-received
condition and again after hot roll bending at 2300°F. An increase in hardness
from 248 to 260 BHN suggests additional precipitation of carbides occurred
during hot bending. The composition of the molybdenum powder and the sintered
preforms used to make the forged die facing are shown in Figure 12.

3.2 TASK 2 - PREFORM

The basic design of the blade preform was established during Phase I and is
shown in Figure 13. The contoured surfaces were generated in Phase I by a
combination of turning and milling operations. The plan in Phase II was to
produce the desired shape by a low-cost cold-roll forming operation. The
Turk's Head roll cluster designed for this purpose is shown in Figure 14.
It consists of a rigid welded steel frame with four hardened steel rolls
operating as opposed pairs. The arrangement of the rolls is shown in Figure
15 as viewed through the workpiece entrance port. The rolls were made from
A-2 tool steel and were hardened to 58/60 Rc. Each roll contains a bronze
bearing that turns on a 1-inch 4140 steel shaft.

The first forming tests were made by drawing 1/4 x 1/2 in. mild steel through
the roll cluster by means of a tensile machine. The axial load required was
2800 pounds and the contours were well formed. AM-350 in the as-received con-
dition (equalized and overtempered) was rolled equally well but the force
required was 5800 pounds. The transverse section of the cold rolled AM-350
blade preform is shown in Figure 16. A defect in one of the rolls (see
Fig. 15) caused the irreqularity shown at one corner of the as-rolled preform.
The irreqularity was eliminated by replacement of the defective roller.

Macroetching of the cold formed section clearly shows strain induced trans-
formation. This transformation was not detrimental to the mechanical prop-
erties as a tensile yield strength of 184,000 psi with reasonable ductility
was measured after tempering the rolled preform at 1000°F.

However, after rolling three 12-foot lengths of this feedstock dimensional

control was lost. The high rocll separation force needed to roll the 175,000
psi material caused the roller bearings to fail.
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Figure 11. Microstructure of Molybdenum Alloy MT~-104 Die Facings
Etchant: Murakami's (5 sec). Magnification: 200X
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Figure 12. Chemical Analysis of MT-104 Powde- and Sintered Preform
Used to Make Facings for Blade Fcrge Dies
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Figure 13. Design of Preform

Two actions were taken:

1.

2.

The bearings were replaced with a beryllium copper alloy
(Berylco 25).

The AM-350 feedstock was annealed prior to rolling

One hundred and twenty lineal feet of the equalized and overtemered AM~350

feedstock

were annealed to facilitate cold rolling into the simple preform

section needed for blade forging. The following procedure was used to prepare
the blade preforms.

1.

5.

Twelve-foot lengths of 1/4 x 1/2 in. AM-350 feedstock were cut into
3~ft lengths to facilitate handling.

After degreasing and attachment of thermocouples, the bars were charged
into a preheated electric air atmosphere furnace and were held at
1825 + 25°F for 30 minutes.

The bars were withdrawn from the furnace, and allowed to air cool
on a brick topped table. The bars cooled to below red heat in
less than one minute.

Descaled and passivated by a sequence through hot Kolene, HF -HNOj3,
HNO3 and water rinse.

The bars were lubricated with MAGNU DRAW 40* and cold rolled into
the preform section by drawing through the Turk's Head roll cluster
at a draw speed of approximatley 0.5 foot per second.

Equalized 1400 + 25°F for 3 hours, air cooled to room temperature,
then overtempered at 1050°F for 4 hour.

*Magnus Division of Economics Laboratories, Inc., White Plains, NY
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Figure 14. Turk's Head

for C>ld Draw Roll Forming of Blade Preforms
(#78-3238)

Figure 15. Turk's Head Roller Gap «#78-3239)



A. As-Rolled

B. Corners Radiused

Figure 16. Transverse Section of Cold-Rolled Blade Preform
Etchant: Marble's (10 sec). Magnification: 6X

The dimensional control of the cold rolled preform was excellent. The maxi-
mum thickness, measured from the concave to convex surfaces, was 0.233 inch
with a standard deviation of 0.00046 inch over 120 linear feet of rolled
preform. There was no evidence of bushing wear in the Turk's Head rollers.

The microstructure of the AM=-350 preforms is shown in Figure 17. This
figure shows the material after the processing steps of annealing, cold
draw/roll forming, equallizing and overtempering. The principal change from
the as-received structure is that the grains are more equiaxed and the banding
of delta ferrite has been broken up. The carbide distribution in Figure 17
appears normal for the equalized and overtempered condition.
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A,
Lorgitudinal

Lorg Transverse

B.
Lorgitudinal

Shc~t Transverse

C.

Long Transverse

Shert Transverse

Orthogonal Sections Showing Microstructure of AM-350 Feedstock.
After Annealing, Cold Draw/Roll Forming of Preform Equalizing and
Overtempering. Etchant: Marble's (10 sec);Magnification: 500X
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The tensile properties of the AM=-350 feedstock in the as=-received condition
and after various heat treatments and cold forming are listed in Table 1.
Annealing put the material into a readily formable condition; cold draw/roll
forming to the preform shape caused some strain hardening with little or no
loss of ductility; and subsequent heat treatment restored considerable yield
strength while retaining good ductility.

Table 1

Tensile Properties of AM=-350 Blade Feedstock
in Selected Heat Treat Conditions

Dia x 1.0 In.
Room Temperature;

Specimen: 0.200 In.
Instron Test Machine;

Gage; 2 Each Condition
Strain Rate 0.05 in/in/min

Yield
Strength Tensile
at 0.1% Strength Elongation RA
(ksi) (ksi) (%) (%)
1. As=-Received 178.3 199.0 . 36.8
(Equalized and 171.5 199.7 11.1 39.1
Overtempered
2. Annealed 34.9 200.9 19.5 55.5
48.0%* 196.3 18.8 58.9
3. Condition 2 Plus Cold 65.0 167.9 20.0 61.4
Draw/Roll Formed 81.0 209.2 16.6 53.5
4. Condition 3 Plus 148.2 166.7 15.6 49.0
Equalized and 146.2 163.5 14.7 49.3
Overtempered

*High yield value because specimen was inadvertently preloaded to
1.5% elongation

The preforms were finished by cutting to length with an abrasive cut-off
machine, followed by tumbling in Sweco vibratory finishing machine. The
notch near one end was gang=-milled to provide an attachment point for the
application of front tension (See. Section 3.3.1).
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3.3 TASK 3 - ROUGH ROLL FORGING
3.3.1 Forging Machine

The isothermal roll forge machine used to produce the blades in Phase II is
shown in Fiqures 18 and 19. This machine is rated at 50 tons die squeeze
and 25 kiloamperes heating current. It employs roll forge dies 2 inches in
width with a 6.730-inch radius, that rotate thrzugh an arc of 45 degrees to
produce a blade. The machine consists of a rectangular steel frame, open
top and bottom, which surrounds two yokes eactr. of which contain a pivot
shaft that supports the dies. Hydraulic cylindsrs mounted at each end of
the frame apply forces to the yokes which bring the dies together at the
center of the machine. The rectilinear motion of each yoke is guided by
four dovetail slides mounted between the yoke and the machine frame. Each
pivot shaft is constrained in its yoke by two tepered roller bearings. Each
shaft extends to the rear of the machine where rigid connection is made to a
gear box which translates with the yoke. The twc gear boxes are driven by a
common motor by means of two flexible shafts. ©One revolution of the motor
produces a precisely synchronized motion of 0.C0265 inch of the die faces.

A schematic diagram of the machine showing the positions of the principal
components is illustrated in Figure 20. The dies are mounted on die support
blocks which are electrically insulated from the pivot shafts. The workpiece
and dies are heated by electric current (I) that enter through one of the
die support blocks, passes through the dies and workpiece, and exits through
the other die support block. The desired workpiece temperature is maintained
by means of an optical pyrometer/controller that sights the workpiece and
modulates the heating current. Figure 20 shows the initial position of the
dies for blade forging. The die root pockets are aligned, the die support
blocks are hard against the angular stops, and the lower feed ram is fully
retracted. The sequence of events for blade fcrging proceeds as follows:

1. Insert workpiece into tip of lower nozzle against top face of
feed ram.

2. Initiate Microprocessor Controller

a. Upper nozzle descends onto free end of feedstock and against

the stops.

b. Upper feed ram descends with low fcrce against upper end of
workpiece.

C. Left die moves against workpiece ar.d against stop. Right die

then moves against workpiece at low force.

d. Heating current is initiated at los level. Optical temperature
feedback adjusts current to raise workpiece to forging tempera-
ture in about 5 seconds.

e. While maintaining the desired forging temperature, die squeeze

force (Fg) is increased gradually -o a desired level in about
20 seconds causing the dies to <close upon the workpiece.
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Figure 18. Isothermal Roll Forging Machine (#79-5315)

Figure 19. Operator's View of Isothermal Roll Forging Machine (#79-5314)
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Figure 20. Schematic Diagram of Blade Forging Machine

f.

Relubrication of the dies and their return to the root forge position

Root injection force (Fp) is applied at a controlled rate
causing the upper portion of the workpiece to move downward
and to be upset within the root pockets of the dies. Root for-
mation takes about 20 seconds.

When root formation is complete fcrce FRp is removed and the
front tension force Fp and the tip feed force Fq are applied
and die rotation is initated and the airfoil is roll forged
while maintaining: (1) die closure by means of maximum
squeeze force Fg; and (2) desirad forging temperature by
means of optical feed back.

When the airfoil is complete, the heating current is extin-
guished, tip feed ram retracted. die rotation stopped and
dies retracted. The finish forged blade continues to move
upward with the ascending upper nozzle where it is unloaded
from the machine.

completes the forging cycle.
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The tip feed force Fp is applied to the tip end of the workpiece to which the
airfoil is being roll forged. This force assists the workpiece entering the
bite of the roll forge dies, prevents die slippage at the large thickness
reductions achieved, influences lateral spreading and flash formation, and
controls axial elongation 6f the airfoil. Forces in the range of 600 to 2200
pounds are applied by means of a hydraulic cylinder mounted on the underside
of the machine. '

On the upper side of the machine two vertically applied force systems are
employed. One moves the upper nozzle and applies the front tension force Fp
during airfoil rolling. Its function is to straighten the hot blade as it
emmerges from the rolling dies. Forces in the range of 200 to 600 pounds
are applied by means of a pneumatic cylinder located behind the upper hydraulic
cylinder shown in Figure 18. ’

The other force applied vertically from the upper side of the machine is the
root injection force Fr. This is applied through the center of the upper
nozzle and causes the workpiece to wupset within the dies thus forming
the blade root. The hydraulic system for root injection employs a hydraulic
accumulator to maintain peak pressure during ram descent, and a flow control
valve to control the velocity of the ram. Forces in the range of 7,000 to
13,000 pounds are used for blade root injection.

The upper and lower nozzles which serve to guide and support the workpiece
are shown in Figure 21. The lower nozzle shown in Figure 22 has a simple
tool steel ram which applies the tip feed force Fp to the workpiece (see
Fig. 20). The upper nozzle is shown disassembled in Figure 23 is more com-
plex. Because of the high compressive forces involved in root injection,
the upper ram was designed in the form of an I-section to resist buckling of
the 0.25 in. by 0.50 inch extension that pushes against the end of the work-
piece. A latching device is incorporated that engaged a notch near the
upper end of the workpiece that enables the application of a front tension
force Fp during the airfoil roll.

The control system of the machine is described below in Section 3.3.

3.3.2 Tooling

The tooling system for Phase II was designed to overcome a deficiency encoun-
tered in Phase I. This deficiendy was inadequate airfoil thickness control
caused by: (1) displacement of center of die contour from center of die
rotation as the result of die refurbishment; (2) inadequate support of the
die facings by underlying components; and (3) variation in die gap due to
excessive thermal and elastic strains in the forging machine.

Displacement of thé centers of contour and rotation now is prevented through
use of precision spacers between the die and the die attachments that restore
the original die radius for each subsequent refurbishment. The die facings
are supported by molybdenum instead of steel, and the process is performed
now on a special machine designed for isothermal roll forging of blades where
rolling gap stops are provided for closer control of the die gap.
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Figure 21.

Feeder Nozzles for Isothermal Roll
Forginec of TS5 Blade (#78-4277)

Figure 22. Exploded View of Tip Feeder Nozzle (#78-4279)
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Figure 23. Exploded View of Root Injection Feeder Nozzle

The design of the basic die blank is shown in Figure 24. It consists of
an outer curved facing of molybdenum alloy braze joined to an unalloyed molyb-
denum support block. The blade contours are sunk into the outer curved
surface, and the opposite flat face mounts onto the forging machine die holder.

The flow diagram for die manufacturing is shown in Figure 25. There
are two parallel activities: EDM electrode preparation for die sinking, and
fabrication of the die blocks.

For the die faces 0.6 x 2.0~inch MT-104 molybdenum was bent hot using the
isothermal shape rolling machine. The supporting block was saw-cut and the
O0.D. finished turned, and grooves were cut to reduce the surface contact area
with the facing thereby increasing heat generation in the facings and decreas-
ing thermal losses to the support block during blade forging. Braze alloy
wire (PALCO - the minimum melting composition of palladium and cobalt) was
placed in the grooves prior to braze joining at 2300°F in vacuum. After
brazing, the mounting face was milled flat, mounting holes drilled, and the
outer curved face finish turned. Then die sinking was performed using elec-
tric discharge machining.

Figure 26 shows a die set before and after brazing. After machining
the mating surfaces between the die facings and the support blocks, the
components were hot vapor degreased, etched in 50% nitric acid, de-smutted
in concentrated hydrochloric acid, water rinsed and dried. Molybdenum pins
and straps were attached, as shown in Figure 263, to hold the facings
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A. Fixtured for
Brazing (#78-2241)

B. As-Brazed Condition
. 2k (#78-2240

Figure 26. Composite Blanks for Blade Forge Die Set No. 1
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tichtly against the support blocks during the brazing cycle. Braze alloy
wire was inserted into the grooves between the facings and support blocks.
The assembly was brazed in vacuum at 2300°F for 15 minutes at temperature.
Good alloy flow and filleting was achieved with the PALCO alloy braze wire
(Western Gold and Platinum Co.). Figure 26B shows the two die blocks after
brazing and removal of the pins and straps.

The four-times size models of the EDM electrodes developed in Phase I also
were used in Phase II, with modification to the flash lands and gqutters
(described below). The procedure used for model preparation was presented in
the Phase I final report.

The models were used in conjunction with a pantograph machine to mill the
blade contours into copper-graphite* EDM electrode blocks, as shown in Figure
27. The electrodes were used to sink the blade contours into the surface of
the die block by means of electric discharge machining as shown in Figure 28.
A finished die set is shown in Figure 29.

The parameters for flash land design are illustrated in Figure 30. These
are the width of the flash land W, the flashland support angle ¢ and the
depth of the flash gutter h. For the first tooling iteration these parameters
were:

W 0.040 inch
¢ 45 degrees

h 0.050 inch

The left die which forms the concave side of the airfoil is shown installed
in the roll forge machine in Figure 31. The members shown on each side
of the die are the rolling gap-stops. They are made of hardened tool steel
ground to a radius of 6.730 inches. The rolling gap-stops are electrically
insulated from the dies. The radial position of the dies is adjusted by
means of precision ground spacers (not shown) that set the flash lands of the
dies slightly below and concentric to the rolling gap-stops. During tool
proofing of the dies, the spacers were adjusted to produce a flash of approxi-
mately 0.002 inch in thickness. Figure 31 shows the position of the
dies and gap stops in the forging machine. The two star-wheel screws are
mechanical stops similar to those used in Phase I to set the angular position
of the dies for the root upset position.

*EDM-C-3, Poco Graphite, Inc.
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Figure 27. EDM Electrode Preparatior. or Pantocgraph Machine
(#78-5106)

Figure 28. Roll Forge Die Sinking kty Electxic Discharge Machkining
(#78-5108;
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Figure 2¢. Roll Forge Dies (79-2780)

—t=

—

Figure 30. Section Taroiach Roll~Forge Die Showing Flashland Design
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Figure 31. Dies Shown InstalleZ in Roll Forgirng Machins
(#7¢-E313)

3.3.3 Procass Programminc and Tool Proofirz

The controls of the blade forging machine are skown in Figarz 19. Each
machine function can be indivicduallwv controlled by means of tke opush button
panels in the foreground at thke right ard left of the cpsrator's position.
These functions include:

. Cie Squeeze - ON/OFF

. Heating Current - ON/OFF

. T_-p Feed - Advance/Retract

. Front Tension/Roct Injecz2on
5 Roll Drive - ON/TF®

The magnitudes of the die sque2zsz force and heating curraent are zlosed loop
controlled. Die squeeze ky mezns of a lozd cell/eleczrchydraulic servovalve
system, and heating current by means of ar. optical zyrometer/SCR power regu-
lator system. Tip feed force and root injection are marually adjustable by
regulating the hydraulic pressure with corwventional prassure control valves,
and similarly front tension by adjustment of a rreumatic —ressure regulator.
Roll speed is maintained ccnstant for varying —orque conditions kv a tachom-
eter feedback/dc motor drive system. Motor sreec is adjustable by means
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of 10-turn potentiometer control. Conventional electric meters display
primary voltage and current, heating current and voltage at the dies, and
voltage and current in the drive system. A magnetic pick-up and digital
meter displays drive speed, and hydrualic and pneumatic pressure is indicated
by conventional pressure gages.

The control console for the forging machine is shown on in Figure 18 (left).
This console contains strip chart recorders, analog controllers for die
squeeze and heating current, a microprocessor based programmer, numerous
relays and potentiometer-type controls. One recorder plots heating current
and die squeeze force and the other root injection force and die gap. A
typical recording for a blade forge cycle is shown in Figure 32.

The microprocessor shown in Figure 33 is the heart of the control system.
It programs two analog channels that control heating current and die squeeze
force. In addition, it sequences seven event relays that automatically
start or stop the force, current and drive functions which were described
above.

The microprocessor has 51 addressable segments each of which is programmable
as to time duration, magnitude of each of the two analog channels, and ON/OFF
of any combination of the seven event relays. A typical program is shown in
Figure 34. Once the program is entered into the programmer memory it can be
recorded on magnetic tape, in which form it can be stored for reuse at a
future time to reprogram the microprocessor without need to employ the
keyboard. Thirty different programs were developed during Phase II during
the course of machine check-out and tool proofing. For example, by loading
program 1017 into the memory and adjusting hydraulic and pneumatic pressures
and rolling speed, a rough roll forged 2nd-stage T55 blade can be made in
AM-350. Similarly by loading program 1027 a finish forged blade can
be made. With program 1030 the process is close to producing a finish forged
blade in a single pass operation.

Calibration curves for heating current, die squeeze force and die rolling
speed are shown in Figures 35, 36, and 37. All three are extremely linear,
over the range of interest, relative to the setpoint of the current and
force programmer/controllers and the digital speed readout.

Tool proofing was initiated with blade forging trials using Ti6A14V alloy
preforms.

Shown in Table 2 are the parametric data for blade root formation and airfoil
rolling. The first three trials were made with manual setpoint adjustments
to establish the approximate values of heating current and die squeeze force
required for root formation with the new roll forging machine. Microprocessor
program 1001 was prepared from this data. Three trials with program 1001
produced root fill of approximately 80 percent. Program 1002 imposed a much
increased root injection force, however improvement of root f£ill was not
achieved because of the increased time required to achieve the higher force.

The forging cycle was taken to completion in Trials 8 and 9. A completely
filled root was achieved with Program 1004 which imposed a higher peak current
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Figurs 33. Procrammer and Controllers fcr Blade Forging Machine

and die squeeze than Prcgram 1003 while holding the other parameters essen-~
tially constant. The as-forged blades from Trizls 8 and 9 are shown in
Figure 38.

During airfoil rolling (Trials 8 and 9) it became apparent that a localized
protective atmosphere wculd be required to avoid burn-up of the graphitic
forging lukricant* anrd oxidation of the molybdenum dies. 2An enclosure was
designed and installed =hat is 3just large enough to contain the dies and
workpiece, and yet provided access for the applicztion of the axial forces.

3.3.4 Procductior. of Tes—- Bladss

Tool proofing, ir. preparatzion for the first run of test blades, involved the
establishment of roll forge parameters, optimizinc the program for the micro-
processor arnd forginc of some 50 blades in titarnium alloy and 12 blades in
AM-350. The baszc process thus established then was usecd with minor modifi-
cations to produce a first run of 30 test blades in AM-350. The basic param-
eters estaklished Zor =ough roll forging of the 2nd stage T55 compressor
blade were:

. 1900°F workpiece temperature

. 33,000 pounds die squeeze force

* Sprayon Produc=s Div-sion
Sherwin WilZliams Company
Anaheim, CA 92306
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Figure 38.

First Blades Off the New
Isothermal Roll Forging
Machine (blade codes 2-6/4
-8 & -9, see Table 3)

. 8,500 pcunds root injection force

. 1,260 pcunds tip feed force

. 220 pounds front tension

. 1.6 inch per minute airfoil rolling speed.

Table 3 summarizes the rough roll forge data for Blade Nos. 12 through 42.
The heat-up sequence was varied to a small extent but used the area of
parameters established in prior work. Some refinement of these values did
occur as a result of these tests.

The principal areas of work were in the root formation and control of tp,, in
airfoil rolling. In general, an injection duration after heat-up of 25 to 28
seconds gave the best results. A rapid rise in injection force as found to
be necessary and required installation of a hydraulic accumulator. Typical
cycles were a risz rate of 500 to 600 pounds per second to a maximum of
8,500 to 9,200 pounds of injection force.

A tip fe=d force of 1,260 pounds was used throughout. Current and squeeze
force were the principal variables examined in airfoil rolling, conducted at
a target temperature of 1900°F. In general, a higher squeeze force tends to
reduce the gage (tp,;y) but tends to reduce the surface temperature because
the contact resistance is reduced. A squeeze force of 33,000 pounds was
adopted together with currents that were reduced along the blade length to
maintain a tempsrature near to 1900°F. A typical temperature recording is
shown in Figure 39.
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